Human immunodeficiency virus type 1 (HIV-1) entry into target cells appears to be triggered when two heptad repeat regions in the ectodomain of gp41 associate, converting the prefusogenic form of gp41 to a fusogenic form. Peptides from these two heptad repeat regions, designated N51 and C43, form a coiled coil consisting of an ␣-helical trimer of heterodimers which approximates the core of the fusogenic form of gp41. To understand the antigenic structures of gp41 in these two configurations, and to examine the specificity of anti-gp41 antibodies produced by HIV-1-infected individuals, human anti-gp41 monoclonal antibodies (MAbs) were tested for their reactivity against N51, C43, and the complex formed by these peptides. Of 11 MAbs, 7 reacted with the complex but with neither of the parent peptides. These MAbs reacted optimally with the N51-C43 complex prepared at a 1:1 ratio and appeared to recognize the fusogenic form of gp41 in which the two heptad repeat regions are associated to form the coiled coil. The existence of antibodies from HIV-infected humans that exclusively recognize the N51-C43 complex constitutes the first proof that the coiled-coil conformation of gp41 exists in vivo and is immunogenic. Two of the 11 MAbs were specific for the hydrophilic loop region of gp41 and failed to react with either peptide alone or with the peptide complex, while the remaining 2 MAbs reacted with peptide C43. One of these two latter MAbs, 98-6, also reacted well with the equimolar N51-C43 complex, while reactivity with C43 by the other MAb, 2F5, was inhibited by even small amounts of N51, suggesting that the interaction of these peptides occludes or disrupts the epitope recognized by MAb 2F5. MAbs 98-6 and 2F5 are also unusual among the MAbs tested in their ability to neutralize multiple primary HIV isolates, although 2F5 displays more broad and potent activity. The data suggest that anti-gp41 neutralizing activity is associated with specificity for a region in C43 which participates in complex formation with N51.
Over the past few years, the structure of the gp41 transmembrane viral glycoprotein of the type 1 human immunodeficiency virus (HIV) has been elucidated. This protein, made up of ϳ345 amino acids (aa), is homologous to the transmembrane domains of several viruses, including those of influenza virus, Moloney murine leukemia virus, and simian immunodeficiency virus (3, 6, 15, 21) , and consists of a single chain which is present in an oligomeric form (12, 30) in the envelope of the virion, most likely as a trimeric structure (27, 39) . Recent studies of the HIV gp41 sequence, studies of the physical properties of peptides derived from recombinant gp41 (rgp41), and crystallographic studies indicate the following features. The N terminus of the molecule consists of a fusion domain spanning aa 512 to 527 (HIV HXB2R numbering [29] is used), which inserts into the membranes of target cells (26) . The fusion domain is followed by a region (aa ϳ555 to 590) containing a 4-3 hydrophobic repeat, which is predicted to form a coiled coil (5, 10) . This helical region is followed by a hydrophilic, nonhelical loop region characterized by an intrachain disulfide bond, followed by a second set of heptad repeats (aa ϳ620 to 670). The transmembrane domain occupies the region between aa 684 and 705, which is followed by the cytoplasmic portion of the molecule, aa 705 to 856.
The ectodomain of gp41 (aa 512 to 683) has received the most scrutiny. Elucidation of its structure has been facilitated by studies of peptides from the two heptad repeat regions. By circular dichroism, these peptides do not display spectral characteristic of ␣-helices, but when mixed in an equimolar ratio, they form a discrete, extremely stable, ␣-helical trimer of heterodimers (27, 41) . Three peptides representing the N-terminal heptad repeat region form an interior, parallel, homotrimeric coiled-coil core against which three peptides representing the C-terminal heptad repeat region pack in an antiparallel fashion (27) . It is thought that this complex represents the core of the fusogenic state of gp41. The native state of gp41, i.e., the prefusogenic form of gp41, is thought to be an oligomer of gp41 in which the N-terminal heptad regions of three or four gp41 molecules self-associate but are prevented from complexing with the C-terminal heptad regions, perhaps by the interaction of gp41 with native gp120 (42) . Upon the interaction of gp120 with CD4 and its appropriate coreceptor, in the context of additional molecular interactions between the virus envelope and cell membrane that increase the avidity of the virion for the cell (4, 14, 24) , it is thought that gp120 undergoes conformational changes that allow the prefusogenic form of gp41 to assume the fusogenic coiled-coil configuration that brings the viral and cell membranes into juxtaposition (7, 32, 33, 41) . gp41 is an extremely immunogenic glycoprotein, inducing antibodies (Abs) in essentially all HIV-infected individuals, with titers reaching 1:10 6 (1, 45) . While several epitopes have been identified in gp41 (2, 19, 28, 45) , two regions seem to be immunodominant. These are the aforementioned nonhelical hydrophilic region containing the intrachain disulfide bond (previously identified as epitope cluster I) and the region containing the C-terminal heptad repeat (previously described as containing epitope cluster II) (45) . Abs to cluster I recognize peptides and recombinant proteins containing aa 579 to 604, while Abs to cluster II are generally dependent on conformation to be reactive and require larger fragments of gp41 containing aa ϳ644 to 663 (see below and references 2 and 45). While human monoclonal Abs (MAbs) to both clusters I and II can stain infected cells (35, 38, 46) and can mediate Ab-dependent cellular cytotoxicity (ADCC) (38) and complementdependent virolysis (36) , most human MAbs to gp41 do not consistently neutralize either primary isolates or T-cell-lineadapted strains of HIV. Two exceptions to this are human MAb 2F5, which is specific for the ELDKWA epitope at aa 662 to 667 at the C-terminal end of cluster II, and, to a lesser extent, anti-cluster II MAb 98-6 (11, 20, 37) . In order to consolidate the information about the structure of gp41, the conformational changes it undergoes from the prefusogenic form to the fusogenic form, its antigenic and immunogenic characteristics, and the function of anti-gp41 Abs, studies were performed using two peptides representing the N-and C-terminal heptad repeats of the gp41 ectodomain as well as the complex formed by these two peptides. The peptides used in these experiments, N51 (aa 540 to 590) and C43 (aa 624 to 666), were generously provided by David Chan and Peter Kim (Whitehead Institute, Massachusetts Institute of Technology, Cambridge). They were derived by proteolytic digestion with proteinase K of rgp41 which was produced in Escherichia coli transformed with plasmid pHIV HXB2cg (27) , and these two major proteolytic fragments were separated and purified as previously described (27) . The N51 peptide in isolation is predominantly aggregated, and the C43 peptide displays little secondary structure (27) . The N51-C43 complex was prepared in solution by incubation of the two peptides at a 1:1 ratio (unless otherwise specified) for 90 min at 37°C. rgp41 aa 517 to 757 (rgp41 517-757 ) and a truncated form of rgp41 (rgp41 567-647 ) were both purchased from Intracel (Issaquah, Wash.). Both proteins were produced by E. coli carrying envelope genes from HIV IIIB and are soluble and monomeric according to product information provided by the manufacturer; rgp41 517-757 also contains a leader sequence of the 38 C-terminal amino acids from gp120, which permitted its reactivity with Abs both to gp41 and to the C5 region of gp120 (see below). Eleven human anti-gp41 MAbs were used in this study; each has previously been described (17, 18, 28, 45) . The IgG1 recombinant form of MAb 2F5 was obtained from the National Institute for Biological Standards and Control AIDS Reagent Project (Potters Bar, United Kingdom) and from H. Katinger (Institute of Applied Microbiology, Vienna, Austria). The other 10 MAbs were purified from the supernatants of cultured lymphoblastoid cell lines or heterohybridoma by chromatography on protein A-Sephadex. The specificities of these MAbs are described in Table 1 . A human MAb to the C5 region of gp120, MAb 670-D (46) , and human MAbs to parvovirus B19, 860-55D and 1418 (16) , were used as negative controls.
Reactivities of MAbs with proteins, peptides, and peptide complexes were determined by enzyme-linked immunosorbent assay (ELISA). For studies of MAbs with immobilized peptides or proteins, the peptides and proteins were applied to plastic Immulon 2 ELISA plates (Dynex Technologies, Chantilly, Va.) at 1.0 g/ml. Plates were blocked for 1 h at 37°C with 2% bovine serum albumin in phosphate-buffered saline (PBS) and then washed three times with PBS containing 0.05% Tween 20 before incubation with MAbs. To determine the reactivity of MAbs with the immobilized peptide complex, the N51-C43 complex was formed in solution (see above) and applied to ELISA plates at a final concentration of 1 g/ml.
Binding of MAbs to antigens was detected with alkaline phosphatase-conjugated goat anti-human immunoglobulin G (gamma chain specific), and color was developed with the substrate p-nitrophenyl phosphate. The absorbance of each well was determined at 410 nm using an automated ELISA reader. All reactions were conducted in duplicate, and a positive reaction was defined as one in which the mean absorbance was above the cutoff values, which were equal to the mean plus three standard deviations obtained from reactions with the negative control MAbs. Using this technique, 11 human anti-gp41 MAbs were tested for their reactivities against two forms of rgp41, against each of the two peptides individually (N51 and C43), and against the complex formed by these peptides at a 1:1 ratio. All of the MAbs reacted with rgp41 517-757 (Table 1) . Four of these, MAbs 50-69, 181-D, 246-D, and 1367, which were previously described as specific for epitope cluster I, also bound to truncated rgp41 567-647 , which contains epitope cluster I but not cluster II. Of the four cluster I MAbs, two, 181-D and 246-D, did not recognize either of the peptides or the peptide complex. Indeed, the core epitopes of these two MAbs (aa 591 to 597 and 590 to 597) are not represented in the peptides tested, nor is the new epitope(s) formed by the N51-C43 complex recognized by these two cluster I MAbs. These data reveal for the first time a subdivision of the previously defined cluster I MAbs into those whose epitopes are complex independent or complex dependent. The two cluster I MAbs that recognized the N51-C43 complex, MAbs 50-69 and 1367, did not react with either of the peptides individually. While none of the cluster I MAbs reacted with N51 alone, the presence of N51 on the plate in a reactive form was established by its ability to bind to peptide C43 and form reactive complexes (see Fig. 2 ).
As expected, the MAbs specific for gp41 epitope cluster II reacted with rgp41 517-757 , which contains both clusters I and II, but did not react with truncated rgp41 , which lacks cluster II (Table 1) . Five of these six cluster II MAbs did not react with peptide N51 or C43 but bound strongly to the N51-C43 complex. This demonstrates that, in adopting its three-dimensional structure, this complex acquires the epitope(s) which these conformationally dependent MAbs recognize.
Two MAbs stand out as being distinct: they are MAbs 98-6 and 2F5. Each of these MAbs recognizes peptide C43 (but not N51) and the complex (Table 1) . Of the two, MAb 98-6 binds more strongly than MAb 2F5 to the complex prepared at a 1:1 ratio. This result was highly reproducible and suggested a possible difference in the epitopes recognized by these two MAbs.
The relative affinities of the MAbs were also determined by ELISA by testing for reactivity against various peptides applied to ELISA plates at 1.0 g/ml and using MAb concentrations of 0.003 to 10.0 g/ml. Relative affinity is related to the concentration of MAb giving 50% of maximal binding, which was obtained mathematically by linear interpolation using Quattro Pro software (Corel, Ottawa, Canada). Figure 1 shows the binding curves from a single experiment, and Table 2 lists the average concentration (derived from three experiments) required for each MAb to reach half-maximal binding. The lower the concentration of MAb needed to achieve half-maximal binding, the higher is its relative affinity. Binding experiments The peptide complex was formed in solution at a 1:1 ratio and then applied to ELISA plates at a concentration of 1.0 g/ml.
c -, no detectable binding.
with the N51-C43 complex showed a range of over 50-fold in the relative affinities of the nine MAbs tested. However, for MAbs 98-6 and 2F5, while the relative affinities were essentially identical for peptide C43 (with half-maximal binding achieved at 0.06 and 0.08 g/ml, respectively), MAb 2F5 required a 10-fold-higher concentration than MAb 98-6 to attain half-maximal binding with the N51-C43 complex (Table 2 and Fig. 1 ).
Since most of the MAbs showed differences in their abilities to bind to the complex and to either of the individual peptides, it was hypothesized that the formation of the epitope(s) with which these MAbs react might be dependent upon the ratio of the two peptides forming the complex. Therefore, experiments were performed in which MAb binding was studied with complexes in which the N51/C43 ratio varied from 0.001 to 1,000. For this, the following experiments were designed. N51 was applied to ELISA plates at 1 g/ml, and, after washing, complexes were formed by adding increasing concentrations (0.001 to 1.0 g/ml) of C43 and incubating for 1.5 h at 37°C; here the N51/C43 ratios ranged from 1,000 to 1 ( Fig. 2A and C) . In parallel ELISA experiments, C43 was applied to plates at 1 g/ml, and, after washing, complexes were formed by adding increasing concentrations (0.001 to 1.0 g/ml) of N51; here the N51/C43 ratios ranged from 1 to 0.001 ( Fig. 2B and D) . The binding of each MAb, at 1.0 g/ml, to the resulting peptide complexes was detected as described above. Anti-C5 MAb 670-D was used as a negative control, as it did not bind to the complexes.
Seven of the nine anti-gp41 MAbs capable of binding to the complex bound best when the ratio of N51 to C43 was close to 1:1 ( Fig. 2A and B) . In contrast, maximum binding of MAb 98-6 occurred when the ratio of N51 to C43 was between 0.001
FIG. 2. Binding of gp41
MAbs to N51-C43 complexes formed at different ratios. (A and C) Peptide N51 was applied to plates at 1.0 g/ml and then incubated with peptide C43 at concentrations of between 0.001 and 1.0 g/ml, resulting in complexes where the ratio of N51 to C43 ranged from 1,000:1 to 1:1. (B and D) Peptide C43 was applied to plates at 1.0 g/ml and then incubated with peptide N51 at concentrations of between 1.0 and 0.001 g/ml, resulting in complexes where the ratio ranged from 1:1 to 0.001:1. Each MAb (designated by symbols shown on the right) was tested for binding at a concentration of 1.0 g/ml. and 3 ( Fig. 2C and D) , and indeed, this MAb could bind to C43 in the absence of N51, as shown above (Tables 1 and 2 and Fig.  1A) . The suboptimal binding of 98-6 to the complex at ratios of 10 to 1,000 was due to limiting amounts of C43 on the plate, as can also be seen from the dose-response curves for 98-6 and C43 in Fig. 1A . MAb 2F5 showed a still different pattern ( Fig.  2C and D) . Like MAb 98-6, MAb 2F5 binds to C43 alone; however, it binds maximally to the complex only at ratios of 0.01 to 0.001, i.e., only when extremely small amounts of N51 are present. The decrease in 2F5 binding as increasing amounts of N51 are added for complex formation (from ratios of 0.01 to 100), indicates that as N51 binds to C43, the epitope on C43 recognized by 2F5 becomes occluded or is disrupted.
Finally, since all of the experiments described above were performed using a format in which rgp41, peptides, or peptide complexes were presented in solid phase on ELISA plates, experiments were conducted to test if these anti-gp41 MAbs were capable of binding to the peptides or the peptide complex in liquid phase. For this, equimolar amounts of each peptide at 0.1 g/ml were incubated for 1.5 h at 37°C with a 1:4,000 dilution of biotinylated anti-gp41 MAb 126-6 (126-6*), which reacts only with the N51-C43 complex (Table 1) . This peptide-126-6* mixture was then transferred to an ELISA plate previously coated with another anti-gp41 MAb, 50-69, at 2 g/ml and blocked with 1% bovine serum albumin in PBS. As shown above, MAb 50-69 recognizes an epitope on the N51-C43 complex which is different from that recognized by MAb 126-6 (Table 1) . After 1 h at 37°C, the biotin in the captured N51-C43-126-6* product was detected with alkaline phosphataselabeled streptavidin and p-nitrophenyl phosphate using an automated ELISA reader. To test the specificity of this reaction, 0 to 30 g of unlabeled MAb 126-6 per ml was included in the initial incubation of N51 plus C43 plus 126-6*. As a negative control for this competition phase of the assay, 0 to 30 g of unlabeled human anti-parvovirus B19 MAb 1418 per ml was incubated with the N51-C43-126-6* mixture. Negative controls also included incubation of 126-6* with either of the peptides individually, since neither 126-6* nor 50-69 could recognize the individual peptides. As shown in Fig. 3 , the labeled MAb bound to the N51-C43 complex in solution, and this N51-C43-126-6* product was subsequently captured by bound MAb 50-69, which is also specific for the N51-C43 complex (recognizing an epitope in the cluster I region [ Table  1 ]). Negative controls in which either N51 or C43 was incubated individually with 126-6* failed to capture the labeled MAb. Additional specificity controls, shown in Fig. 3 , indicate that the binding of 126-6* to the N51-C43 complex in solution could be blocked by increasing concentrations of unlabeled 126-6 but not by an unlabeled irrelevant MAb, 1418, which is specific for parvovirus B19. This series of experiments was repeated using biotinylated and unlabeled MAb 167-D, and results essentially identical to those obtained with MAb 126-6 were obtained (data not shown).
These experiments illuminate structural, functional, antigenic, and immunogenic characteristics of gp41, a molecule which performs a critical role in maintaining the conformation and infectivity of the HIV virion. It acts as an anchor for the gp120 envelope glycoprotein and, upon interaction of gp120 with its receptor and coreceptor, undergoes a conformational change to assume a configuration which leads to the fusion of the viral and cell membranes (24) . Mutations that affect the formation of the fusogenic form of gp41 inhibit the infectivity of the virus (41) (42) (43) . As a consequence, the identification and design of reagents which can inhibit the transition of the prefusogenic form to the fusogenic coiled-coil form of gp41 have been actively pursued (7, 13, 43 ). An extension of this approach suggests that an effective HIV vaccine might be achieved if it could induce Abs that would prevent the formation of fusogenic gp41.
gp41 is known to be extremely immunogenic. Abs to several regions have been identified (2, 19, 22, 45) , and human MAbs to various regions of the gp41 ectodomain have been shown to bind to HIV-infected cells (9, 35, 46) and intact virions (36; P. Nyambi and S. Zolla-Pazner, unpublished data) and to mediate complement deposition on virions (36), virolysis (36), ADCC (38) , complement-mediated enhancement of infectivity (31) , and neutralization (9, 20, 37) . Among the several human gp41 MAbs described (2, 9, 17, 28, 45) , two with unusual activities are 98-6 and 2F5; MAb 98-6 can mediate ADCC (38) and neutralize several primary isolates when tested in a highly sensitive neutralization assay (20) , while MAb 2F5 has broad and potent neutralizing activity for primary HIV isolates from several clades (11, 37) .
The majority of anti-gp41 MAbs studied here (7 of 11) did not react with either N51 or C43 individually but reacted with the complex that is formed by these two peptides, which is thought to approximate the core of the fusogenic form of gp41. These human MAbs are similar to a mouse MAb induced by a model gp41-based peptide which folds to form a stable six-helix bundle (23) . In the case of the human MAbs, maximal reactivity was noted at an N51/C43 ratio of 1, the ratio that is thought to occur in the ␣-helical core of the fusogenic form of gp41, consisting of three molecules from the N-terminal heptad repeat region against which are packed in an antiparallel configuration three molecules from the C-terminal heptad repeat region (27, 39) . The finding of maximum reactivity against the 1:1 peptide complex suggests that it was the fusogenic form of gp41 which induced these Ab responses in vivo. The data also suggest that, since many of these epitopes are well represented on infected cells and intact virions (9, 35, 36, 46) , both infected cells and intact virus particles serve as antigenic stimuli, as opposed to, or in addition to, viral debris (34) . The presence of this form of gp41 on virions and infected cells could reflect some spontaneous shedding of gp120 with consequent triggering of the gp41 conformational change. Alternatively, a small proportion of gp41 in the active form may coexist with the prefusogenic form, and after the interaction of gp120 with CD4 and coreceptors, this proportion may shift to a preponderance of the fusogenic form.
MAb 98-6 is an anti-gp41 MAb that is distinct from those which recognize the N51-C43 peptide complex. MAb 98-6 reacts well with both C43 and the N51-C43 complex, and its binding to C43 is not inhibited by N51; indeed, it reacts with the complex whether the N51/C43 ratio is 0.001 or 3. This finding demonstrates that the epitope recognized by MAb 98-6 on peptide C43 is present in both the free and complexed peptide and, therefore, that the epitope that it recognizes is not occluded or disrupted by complex formation. These data also suggest that Abs with this specificity can apparently be induced by gp41 in either its prefusogenic or fusogenic form.
In contrast, MAb 2F5 reacts strongly with C43 but relatively poorly with the complex of N51 and C43 formed with equimolar amounts of each constituent. Indeed, the more N51 is added to C43, the less reactive is the resultant complex with MAb 2F5. This suggests that the epitope recognized by MAb 2F5 on C43 is directly involved with complex formation and is occluded or disrupted as the complex forms. This is consistent with the findings of Sattentau et al. (35) , which showed that MAb 2F5 binds well to infected cells but loses its reactivity for cells which are first incubated at 37°C in the presence of soluble CD4. It follows that the inducing antigen must be either a peptide fragment of gp41 lacking the N-terminal heptad repeat, the native prefusogenic form of gp41 present on infected cells and virions, or the gp41 prehairpin intermediate that is thought to be a transitional structure between the prefusogenic and fusogenic forms of gp41 (7) . A peptide fragment of gp41 would probably have an extremely short half-life in vivo but could be generated in the cytoplasm of antigen-presenting cells, with subsequent stimulation of T and B cells. Similarly, the prehairpin intermediate probably has such a short half-life that it would not serve as a strong immunogen. The most likely and abundant immunogen for 2F5-like Abs would be the native prefusogenic form of gp41 present on infected cells and virions.
MAb 2F5 neutralizes about 75 to 80% of HIV primary isolates (8, 11, 37) . The mean concentration required for 90% neutralization of viruses sensitive to this MAb, tested in several assays, was ϳ20 g/ml, or 125 nM (11) . This is comparable to the inhibitory activity of peptide C43, which blocks syncytium formation with a 90% inhibitory dose of ϳ140 nM (27) , and is similar to the ability of peptide D178 (aa 643 to 678) to block infectivity at a 90% inhibitory dose of 100 to 200 nM (25, 44) .
The paucity of human anti-gp41 MAbs that are capable of neutralizing HIV, as opposed to the abundance of gp41 MAbs specific for the fusogenic coiled-coil complex of gp41, may in part reflect the method of selection of the MAb-producing lines rather than the actual proportion of various anti-gp41 MAbs found in vivo. Thus, all human anti-gp41 MAbs described in the literature have been selected on viral lysates or oligomeric forms of gp160 (2, 9, 17, 28, 45) . It is probable that the coiled-coil form of gp41 is most prominently displayed under these conditions (40) , leading to the preferential selection of MAbs specific for this configuration. Abs reactive to C43, while representing only 2 of the 11 MAbs studied here, are present in essentially all HIV-infected individuals, although Abs that inhibit the ability of N51 to complex with C43 are present in less than 5% of patients' sera that were studied (M. K. Gorny, unpublished data). Thus, Abs with specificity for the particular epitope(s) on C43 involved with formation of the fusogenic gp41 configuration may, indeed, be rather unusual.
Further elucidation of the mechanism of action of anti-gp41 neutralizing MAbs, along with knowledge of the epitopes they target, should permit both the isolation of additional MAbs with neutralizing activity and the design of immunogens that will elicit these Abs. Since these Abs appear to work by blocking a step in the infectious process common to all strains of HIV, immunogens that induce such Abs should be valuable as a vaccine that circumvents the problems inherent in the antigenic variation of HIV.
